Introduction
In previous studies atmospheric effects on radiometric imaging from Landsat were analyzed.
The effects are found to be quite small when three conditions are met: (i) the surface is bright, surface reflectivity larger than 0.:0. (ii) the imaged area consists of large homogeneous fields, and (iii) the atmospheric absorption is small. This conclusion can be reached through radiative transfer calculations assuming an appreciable scattering optical thickness, as analyzed by Otterman and Fraser' . alternatively, the effects call be assessed resorting to a simplified radiative transfer treatment for an optically thin atmosphere. as formulated by Otterman et a12.
Lambert law was assumed for the surface reflection in both papers. This assumption is quite generally made in such studies.
.another approach to this problem area is experimental in nature: a direct comparison of the satellite-measured surface-atmosphere system reflectivities with those of the surface obtained from field measurements. The comparisons involving different parts of the sandy Sinai Desert showed a close correspondence between the surface spectral reflectivities, determined from the Landsat Multispectral Scanner System 01SS) digital data, with only a very small atmospheric correction. and those determined in the field using a hand-held Exotech -100 radiometer 1,3. The exception was the 0.'-1.1 µm HISS hand. where a significant correction for water vapor absorption appeared appropriate.
The Landsat measurements support the assumption of the Lambert law for the surface reflection. inasmuch as the surface reflectivities of these sandy areas. bare of vegetation (northern Sinai and also Mexico near the Colorado River) derived at various times of the year (various solar zenith angles) are essentially constant: the variations in the retlectivity measured on different dates art. small. and no systematic dependence in these \ariations with the solar zenith an g le was reported' . However, sandy deserts or sandy playas, with virtually no vegetation, might be an almost unique terrain type in this respect, that they reasonably approximate a Lambert surface when observed from the zenith. Vegetated areas or urban areas can hardly be regarded as planar, because most plants and buildings form sharp protrusions from the plane of the soil. Whether the protrusions are on a scale of a blade of grass or of a skyscraper is immaterial; in either case, the protrusions invalidate the Lambert Law for the surface reflectivity 4,5 . Thus, the analysis of 9 Landsat passes, all within one year, over a presumably unchanging surface (an ungrazed rangeland in Utah), showed variations in the reflectivity by about 25% in all the spectral bands, from the January and December lows to The author's own interest in the problem started with the observations of a fenced-off area in the Sinai, where a rapid recovery of the natural vegetation took place after the entry of the grazing herds was stopped by the fence 3 . The plants consist of mostly grey or dark brown twigs. The green components are quite inconspicuous, except in the desert-bloom period following a rain. Each plant forms an isolated clump, with large interstices of bare soil between a plant and its neighbors, see Fig. 1 , in order to draw moisture from a large area. In this study, we analyze the atmospheric effects that Lan complicate the task of monitoring such a desert-fringe area from a nadir-viewing satellite.
Monitoring a non-Lambertian surface by radiometric imaging from a satellite can be rather difficult, inasmuch as there is no simple correspondence between the differences in the value of the reflectivity measured at different satellite passes. and the possible changes in the surface.
The task of monitoring a complex surface such as shown in Fig. 1 necessitates a quantative assessment of the structure of the clumps/plants that protrudes above the soil-plane, as well as a measurement of the soil-plane reflectivity.
Our analysis here of this difficult radiometry is limited to conditions of a low optical thickness and of a laterally homogeneous atmosphere. Favorable conditions for remote sensing in and regions exist about 250 days a year. When the conditions are unfavorable, the aerosol optical thickness can be quite high. This, by itself, does not necessarily preclude classification of large fields by remote sensing from satellites 6 . However, associated with a large optical thickness, pronounced inhomogeneities are often encountered in the horizontal distribution of the aerosols. Such inhomogeneities can increase the difficulty in the quantitative remote sensinu of the surface from satellites.
We prese^it first the previously developed surface mode 15.7 aimed at describing the reflectivities of the terrain type shown in Figure 1 . A treatment of the atmospheric effects over suzh a plane with sparse protrusions is then developed. Subsequently. these effects are analyzed in a comparison with those ever a L. mbert plane.
=. The Surface Reflectivities of a Plane with Sparse Protrusions
The plants are modeled as thin vertical cylinders rising from the horizontal plane of the soil. The model is specified by only one geometrical parameter, s, which is the product of the height, diameter and number of cylinders per unit area (s is dimensionless). The soil and the cylinder mantles (the vertical area of the protrusions) are assumed as of a definite Lambertian reflectivity, ri for the soil interstices and r C for the cylinders. The shadow cast on the horizontal plane of the soil by a single cylinder or several cylinders with a projection s on a vertical plane. is s tan 6 0 . It means that a fraction of 1-s tan 9 0 of a parallel beam at a zenith angle e0 is intercepted by the soil and a fraction s tan 0 0 by the cylinders. This holds true as long as the shadow of one cylinder does not fall in part on another cylinder. With lenathening shadows. this assumption and the model become inaccurate. Eventually. at lar ge solar zenith angles. the model breaks down.
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Overlapping of shadows can be taken into account if these fractional direct fluxes are expressed by exponentials in -s tan 9 09 rather than by the linear terms. The fractional direct flux is then exp (-s tan 8 0 ) on the soil and 1 -exp(-s tan 9 0 ) on the cylinders. These expressions can be derived assuming a random distribution of cylinder-to-neighbor distances and azimuths. This assumption should not be regarded as rigorously correct for any ecosystem, and especially not under the conditions of extreme aridity, where the requirement for a certain minimal plant-to-neighbor distance produces a fairly regular spacing of the protrusions. We stress thus the approximate nature of our model. In this study, we make one more approximating assumption, that the protrusions are non-reflecting, that is, rc = 0.
The surface reflectivity to the zenith accrues only from the interstices, inasmuch as the thin protrusions cannot be observed viewing to the nadir. In this direction the bidirectional reflectivity rp for the direct solar beam or any beam at zenith ang l e 8 0 , is the product of the soil reflectivity ri and the fractional flux on the soil plane:
rp ( 77 0 , s, ri ) = ri exp (-sno)
where 77 0 = tan e0
Throughout the paper, the bidirectional reflectivity is formulated as a times the radiance, resulting from an irradiance of 1 on a horizontal plane. In the case of a Lambert plane, the bidirectional reflectivity of the surface thus defined equals the hemispheric reflectivity (spectral albedo). There is no implication, certainly, that this holds for our surface. Thus. r does not equal the hemispheric reflectivity, unless s = 0. The hemispheric reflectivity for a plane with sparse protrusions was derived and discussed elsewhere .
In field measurements of reflectivity, the reflectivity for the global irradiance is measured.
The reflectivity r for the direct beam equals the field measurements only when these are conducted at a specific solar elevation. as discussed later.
The Reflectivity to the Zenith of the Surface-Atmosphere System for a Plane with Sparse
Protrusions.
Approach to the Calculation
A plane parallel scattering atmosphere is assumed of a low vertical optical thickness r. r <<_ 1.
The distribution with height of the scatterers is arbitrary. The simplified single scattering approximation (SSS) is used, as introduced into the same problem by Otterman and Fraser 8 : the number of the scattered photons is exactly represented, but the second and higher order scattering events are disregarded. In other words, the direction of a photon after the first scattering is frozen, and cannot be changed by subsequent encounters. This assumption applies to the photons scattered from the direct solar beam, as well as to those scattered from the flux reflected from the soil plane.
A point-symmetrical phase function is assumed for the scatterers, that is, we assume an equal probability of scattering into each of any two opposite directions. The expressions obtained in the analysis apply thus directly to the Rayleigh as well as to the isotropic scattering. The downward directed pencils of the scattered radiation are represented by an equivalent flux. The magnitude of the flux at the surface (above the protrusions) is represented as half of the total scattered from the beam, that is, as 0.5 (1 -exp (-r1g o )] . where µo = cos 9 0 ,. The accuracy of this representation. analyzed elsewhere 9 , is satisfactory for our purposes. The average zenith angle of the flux scattered downward from the direct solar beam, calculated so that the illumination of the soil-plane is the same as by the scattered pencils, is separately analyzedfo
We compute the radiance to the satellite at the zenith from an area within the field of view of its radiometer. We refer to this area as the object pixel. We initially assume that the surface is laterally uniform. In a later part we modify the solution to derive the adjacency effects of cross radiance and of cross irradiance. for a small object pixel embedded in a different. uniform. infinite terrain.
The reflectivity to the zenith rn of a surface-atmosphere system can be expressed in a way that applies to a Lambert plane as well as to our complex surface. as This simple formulation will not generally hold for an arbitrary complex surface: the flux backscattered to the surface will generally be distributed differently with the zenith angle (that is, effectively from a different direction) after each additional backscattering, and thus will have a different probability of penetrating to a specified surface element. Equation (6) 
where we have multiplied by ir. as is our convention in expressing the reflectivity r n in terms of the component radiances, see Equation (2).
The radiance that we discuss in this subsection accrues from the reflection over the entire plane and affects the signal to the satellite over the object pixel. The phenomenon has i Ieen termed cross radiance by Otterman and Fraser s . It is further discussed in the subsection on the adjacency effects. We note that the protrusions (through the factor exp(-stane) in the integrand) reduce the value of F* as compared to the cross radiance for the Lambert plane.
The reduction is morr pronounced for isotropic scattering than for the Rayleigh phase function. 
3_C) Assessment of the Atmospheric Effects for a Uniform Plane
We analyze the effects of a scattering atmosphere on the radiometric imaging of the surface, by comparing effects over s plane with sparse, dark protrusions, to those over a Lambert plane. It should be quite clear from our discussion that our results do not constitute a complete solution for complex surfaces where a significant reflection occurs from the vertical walls of the protrusions. Even though such reflected pencils do not directly reach a satellite at the zenith, atmospheric scattering from these pencils of radiation does affect the radiance received at the satellite. We first reformulate Equation (2) for the radiance to the zenith rn in terms of the reflectivity r of our plane with protrusions, rather than in terms of the reflectivity ri: 
Equation (10) is identical to Equation (2), (in which G i * is given by Equation (5) and B** is given by Equation (7) 
We call ^d and ^r the redirecting factors. In what follows, we make a simplifying assumption that ri r = rix , and therefore the two redirecting factors are identical. ^d = ^r = ^. For sun near the zenith, no < rlx , the redirecting factors are smaller than 1. and therefore the redirection causes a reduction i! tye measured radiance r n . Conversely, when sun is at a low elevation, ORIC:INAL Pg ti: _' j OF POOR QUALITY no > nx, the redirecting factors are larger than one, causing an increase in the soil-plane irradiance and therefore in the measured radiance (reflectivity). It follows from this discussion that the reflectivity rp for `te direct beam is the same as for the global irradiance only when 8 0 = 9x . An alternative treatment of the atmospheric effects, in terms of the reflectivity r g measured in the field at any solar Zenith angle, is given in Appendix A.
The differences rn -rp are plotted vs. rp for r = 0.1 in Fig. 2 For small values of rp , the differences between the two graphs increase approximately linearly with rp , but remain small: A(Cs, La) < 0.01 for rp < 0.4. With increasing r p , the Cs graph descends more steeply from its E value (for r p = 0) than the La graph. This is due to the smaller value of F*(r, s) for s of 0.2 than that for a Lambert plane, s = 0. F* can be regarded here as a partial compensation for the extinction on the upleg. In this context, the extinction on the path object pixel to satellite is described as 1 -exp(-r) -F* ft r -F*. The differences between Cs and La are here almost negligible if the comparison of the two graphs is made for the same values of ri . For rp higher than 0.4, the La graph curves upwards, remaining above the -0.01 ordinate, whereas in the Cs graph the upward curvature is small, the graph dipping to the ordinate of about -0.03 for rp = 0.7 (ri = 0.9). The differences A(Cs. La) become larger than 0.02 in this region of rp . The large differences primarily stem from the fact that in the case of Cs plot, the 2^B* factor is very small, and therefore the upward curving of the plot is reduced as compared to the La plot.
Case A. 00 = 50.2°, has been selected as the first numerical example because the redirection factor is 1. The reflectivity for the scattered irradiance then equals that for the direct beam, and therefore field measurements of reflectivity for the global irradiance determine rp . Only in those conditions. the difference r n -r, represents the difference between the satellite measurements and the field mea.urements. Case B. e0 = 21.8°, has been selected because rlo = tan9 0 = 0.4 is much smaller than in case A. and the redirection factor is significantly smaller than 1. 0.85. We note first in the Figure 2B that the value of E (that is, r n -rp for rp = 0) is only slightly reduced as compared to A. While airmass for scattering from the direct beam is smaller by a factor of 0.69, the value of the Rayleigh phase function is significantly larger at the scattering angle of 158° as compared to that at 130°. (In the case of isotropic scattering, the value of rn -rp at rp = 0 would have been considerably smaller.)
With increasing rp , the difference A(Cs, La) increases approximately linearly with r p , somewhat faster than in the case A. This faster increase is due to the smaller value of the redirecting factor, in reducing the enumerator of the expression for the Cs curve. The difference between the curves Cs and La is not very large for small values of r p : A(Cs. La) S 0.015 for rp < 0.4.
For rp > 0.4 the gap between the two graphs opens quite wide. This is, as in case A. due to the upwards carving of the graph La and only insignificant curving of the graph Cs. In case B.
the still weaker curving of the graph Cs is caused by the lower value of the redirecting factor ORIGINAL PIECE IS in the denominator of the expression for rn.
OF POOR QUALITY
In case C, 00 = 63.4°, 17 0 = 2.0, the two graphs virtually coincide, that is, A(Cs, La) is practically insignificant. The similiarity of the atmospheric effects applies only if a comparison is for the same value of rp . This is due to the large value of the redirecting factor, ^ = 1.17.
However, in the Cs graph, the values of rp are much smaller than the corresponding ri . Obviously, there are large differences between the two graphs if a comparison is made for the same value of ri.
Adjacency Effects for a Small Pixel Surrounded by a Uniform. Terrain
In this section the atmospheric adjacency effects are analyzed for a specific situation, when a small area (the object pixel) is surrounded by a different terrain extending as a uniform area to infinity. Both the object pixel and the surrounding terrain are represented as a plane with sparse protrusions. By introducing s = 0, either one can become a Lambert surface. We recapitulate now our formulation of the surface-atmosphere system reflectivity, as consisting of four terms: veil, signal, cross irradiance and cross radiance.
The veil term E(6 01 r), see Equation (3) where rp is given by Equation (1). In this expression for the signal term it is assumed that the dimensions of the object pixel are vanishingly small as compared to the effective height of the scattering layer; the cross radiance and cross irradiance among the elements within the object pixel are negiected.
The cross radiance term is the additional reading at the satellite (in addition to E) if the object pixel is F,iack, whereas the entire surrounding plane does reflect, characterized by T i s. The cross rac iance term is given as where the barred parameters refer to the entire plane, which is assumed uniform, except for the small object pixel. This explicitly presented term with F* is identical to the cross radiance CR as implicitly given (without the bars) in Equation ( 10) In what follows, the term rp j,B* in the denominator of both CR and CR is neglected.
This reduces the values of CR and CR by only about M (The fractional error in the difference CR -CR can be larger, however). The simplified expressions for CR and CR are denoted as CR and CR. Our concern is an assessment of the fractional uncertainty or error in measuring the surface reflectivity, introduced by the adjacency effects. We refer to the expression is the effective contrast ratio between the surroundings and the object pixel.
The factors controlling the adjacency effects are tabulated for various values of s in Table 1 . These are: the cross radiance factors for a finite optical thickness for Rayleigh
where the subscript m stands for molecular scattering, and for isotropic scattering,
which is identical to the backscattering factor of the flux reflected from the soil-plane. Those two factors are computed for r = 0.1. We also present the factors Given the values of the cross radiance factors in Table 1 , we can readily assess the adjacency effects in some numerical examples. In the case s = s, that is, when the protrusion parameter within the object pixel is the same as that of the surrounding terrain, the contrast ratio C is simply Fi /ri . a contrast independent of s. 6 0 , or r. The expression for OFCR is ORIGINAL P,AGF IS OF POOR QUALITY reduced to (C -1) F* expr -(riri ) F* expr/ri inasmuch as F* -F*. Consider a case Fi = 0.3 and ri -0.1, that is, a contrast ratio of 3, and assume Rayleigh scattering and r -0.1.
For s = s = 0.2, the adjacency effect AFCR amounts to 6.8%. Under the same conditions, but for a Lambert surface, OFCR amounts to 9.5%. We note that the adjacency effect AFCR is significantly reduced for a plane with sparse protrusions as compared to that for a Lambert The radiative transfer through the scattering atmosphere is treated approximately, applying the simplified single scattering approach. The number of the scattered photons is computed exactly f,)r the direct solar beam and for the radiation pencils reflected from the surface, under the assumption of a plane-parallel atmosphere. The approximation is only that a scattered photon retains the direction after its first scattering even if it undergoes subsequent scatterings.
The effects of the atmosphere are here expressed as the difference between the reflectivity rn of the surface-atmosphere system measured by a satellite-borne radiometer at the zenith and the reflectivity to the zenith rp of the complex surface for the direct solar beam. We first report our findings for imaging large, laterally homogeneous areas. The differences r n -rp are found quite similar to the differences r n -as when imaging a Lambert surface with a reflectivity ao , if the comparison is made for r p = ao . This applies to low and moderate values of rp , rp < 0.4. For large values of r p , the difference rn -rp becomes more negative than the corresponding rn -ao . This occurs because for a o > 0.4, the plots rn -ao vs ao curve upwards, due to a term with ao that describes the second reflection from the surface (of the flux backscattered by the atmosphere). This effect, and thus the upward curvature of the r n -rp plots, is sharply reduced in the case of plane with dark protrusions.
We compared the effects over a plane with protrusions, r n -rp , with those over a Lambert plane, rn -ao , on the basis of rp = ao . Because of the protrusions, the reflectivity of the surface is lower than that of the soil-plane (the interstices). The reduction increases with an increasing solar zenith angle. Thus, we can state that the atmospheric effects over plane with protrusions with a reflectivity r i of the interstices are really comparable with those over a Lambert surface with a low reflectivity, approximately given as r i exp(-stan 0 0 ). For a low reflectivity surface, the backscattering from the atmosphere to the satellite is a more important component of the rn -a0 difference than for a bright surface. The backscattering to the surface of the flux reflected from it is of little importance. A plane with protrusions can be regarded in i this context as a low reflectivity surface, with the reflectivity effectively decreasing with increasing solar zenith angle. Thus, our conclusions apply most forcefully when the sun is low, (see Figure 2C , where r for s -0.2 is much lower than ri).
In imaging areas with dimensions not large compared to the effective height of the scattering layer, adjacency effects have to be considered. We analyze such effects only when the object pixel is a small area different from the surrounding terrain, that stretches to infinity as a uniform surface. This limiting case was analyzed previously for Lambert surface, retaining in the analysis only linear terms in the optical thickness 2 . For a plane with protrusions, the simplest case is when the protrusion parameters within the object pixel is equal to that in the surrounding terrain, s. The adjacency effects in this case are significantly lower than in the case of a Lambert surface with the same surroundings-to-object-pixel contrast ratio and the same scattering optical thickness. However, when s * s, the situation is more complex.
The magnitude of the adjacency effects can vary pronouncedly with the solar zenith angle, and even the sign can change, because the effective contrast surroundings-to-object-pixel depends on the d i rection of the illumination of the surface. Limitations of this analysis of the adjacency effects should be noted. When the cross radiance is computed as accruing from fluxes reflected up to a certain distance (rather that over the entire plane). the effect on the radiometry of a small field depends crucially on the shape of the phase function in the forward region.11
This study certainly is not the definite treatment of the atmospheric effects on radiometric imaging of land areas. The subject deserves continued studies. applying the approach of modeling and Monte Carlo techniques, in addition to the programs of field measurements of the reflectivity. The formulation of the atmospheric effects in terms of the reflectivity rp for the direct beam (that is, as r a -rp differences) has the advantage that r p is given by a simple explicit expr4i5ion rp = ri exp (-s tan g o ), solely in terms of the surface parameters ri and s. It is this reflectivity rp for a direct beam that is measured in the laboratory, whether of an individual plant or an array of plants. The reflectivity measured in the field, which we denote r g , does not equal rp except when g o = e x . ( From a practical viewpoint, rp and rg , are close enough in value to be considered equal if 45 0 < g o < 60 0 and the scattering optical thickness is not too large.) Thus, a formulation of the atmospheric effects as the r n -rg differences has the distinct advantage of comparing two measured quantities, one from the satellite and one from the ground. The significant disadvantage of this approach is tY at the expression for r g is more cumbemome tl,,:n chzt for r p . inasmuch as we formulate re as accruing from three separate streams (rather than ,t single stream in the case of rp ). These where the global irradiance G o on the surface at the top of the protrusions ic rho cii,,, nr'rh P rhre-r streams discussed above.
With these explicit relations between r and the parameters descr.oi atmosphere, and applying the relations presented in the text b etween r n ai the ra -rR differences can be studied.
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